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Abstract 
Traffic control at road junctions is one of the major concerns in most metropolitan cities. 
Controllers of various approaches are available and the required control action is the 
effective green-time assigned to each traffic stream within a traffic-light cycle. The 
application of fuzzy logic provides the controller with the capability to handle uncertain 
natures of the system, such as drivers’ behaviour and random arrivals of vehicles. When 
turning traffic is allowed at the junction, the number of phases in the traffic-light cycle 
increases. The additional input variables inevitably complicate the controller and hence 
slow down the decision-making process, which is critical in this real-time control problem. 
In this paper, a hierarchical fuzzy logic controller is proposed to tackle this traffic control 
problem at a 2-way road junction with turning traffic. The two levels of fuzzy logic 
controllers devise the minimum effective green-time and fine-tune it respectively at each 
phase of a traffic-light cycle. The complexity of the controller at each level is reduced with 
smaller rule-set. The performance of this hierarchical controller is examined by 
comparison with a fixed-time controller under various traffic conditions. Substantial delay 
reduction has been achieved as a result and the performance and limitation of the controller 
will be discussed. 
Key words: Fuzzy logic, traffic control, road junction, transportation 
 
 
 Page 1 of 20 
1. Introduction 
Traffic control at road junctions has attracted significant attention from city planners 
because improper control at one junction may lead to propagation of unnecessary traffic 
congestion over the entire network. Fixed-time control [1], a commonly adopted traffic 
control scheme, assumes the traffic demands, as quantified by flow-rates, remain constant 
and assigns a ‘supposedly optimal’ time interval for each ‘red-green’ cycle, which is then 
divided into two periods of ‘effective red’ and ‘effective green’. The former halts the 
traffic while the latter gives the traffic the right-of-way of the junction. This control 
scheme is simple to implement because the cycle time is only changed at certain times of a 
day regardless of the current traffic conditions. As a result, the performance is quite 
reasonable for fairly constant traffic demands. Another approach is traffic responsive 
control [2,3,4], which uses vehicle detectors to obtain the most updated traffic information 
before determining cycle time.  
Two widely used traffic responsive controls are the Sydney Co-ordinated Adaptive 
Traffic (SCAT) method developed in Australia and the Split, Cycle and Offset 
Optimisation Technique (SCOOT) developed in U.K. Both methods adopt small increment 
of a few seconds in each update of cycle time, SCAT updates the cycle time in steps of up 
to 6 seconds while SCOOT updates the effective green time of each phase in steps of up to 
4 seconds. Luk [5] compared SCAT and SCOOT with the fixed time control and found that 
both methods reduce traffic delay up to 7% in general. However, he also pointed out that 
SCAT or SCOOT may perform worse than a fixed-time controller at certain times of a day, 
SCAT was 6% worse off at lunch-time and SCOOT was 1% worse off during morning 
rush-hours. Both methods cannot be regarded as perfect dynamic control techniques 
because the modelling of the relationships among green time, queue lengths and arrivals is 
extremely difficult, especially in those complex junctions with multiple arms and turning 
traffic because of all possible uncertainties in the system, in terms of drivers’ behaviour, 
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random arrival of vehicles and vehicle types and speeds. Thus, instead of deriving a 
controller by modelling the junction analytically, a fuzzy logic approach is used. 
Pappis [6] showed that a fuzzy logic traffic controller reduced the average delay at 
a junction of two one-way roads when compared with a fixed-cycle traffic controller. 
However, this controller was only tested under constant traffic flow-rate conditions. Ho [7] 
proved that further reduction of the average delay is possible when the fuzzy rules are 
made to adapt to the current traffic conditions. The traffic model used in the above fuzzy 
logic controller is nevertheless very simple. It consists of one-way traffic only and no 
turning traffic is allowed. 
In this paper, a fuzzy logic traffic controller (FLC), which formulates the control 
actions according to the current traffic conditions, for a road junction with turning traffic is 
presented. With the inclusion of turning traffic, a complete control cycle comprises of 4 
phases, allowing 4 traffic streams (Φi, i=1,2,3,4) to pass through the junction in turn, as 
shown in Fig. 1. As the controller has to consider more input variables, the number of 
fuzzy rules required will increase substantially. In order to simplify the structure of the 
controller and determines control action swiftly and effectively, a Hierarchical FLC 
(HFLC) is proposed, in which the effective green time for each traffic stream is devised by 
the two levels of FLCs handling queue lengths and flow-rates respectively. 
 
2. Road Junction 
A traffic controller is to determine the effective green times for the 4 phases in such a way 
that the total delay is minimized. The current traffic conditions, denoted by flow-rates and 
queue lengths of the traffic streams, are the input variables to the controller. Referring to 
Fig. 2, a number of detectors have to be installed in front of and in the vicinity of the 
junction to obtain these data. The following assumptions on the road traffic are made: 
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(i)  all vehicles are right-hand driven, hence left-turning traffic will not block the opposite 
traffic stream (similar analysis can be as well applied on left-hand-drive roads) 
(ii)  flow rates of the traffic streams are independent of each other 
(iii)  vehicle arrivals are uniformly distributed, with the mean equal to the flow-rate 
(iv)  saturation flow for each arm at the junction is 1 vehicle/sec. The discharge rate of 
vehicles at the traffic streams given the right-of-way, d, can be regarded to be the same 
as the saturation flow 
(v)  each phase has a minimum of 10secs of effective green time 
(vi)  the junction can hold an infinite number of vehicles at its arms 
 
3. Hierarchical Control 
The prime objective of the HFLC is to minimize total queue length, as well as the total 
delay at each phase of a cycle, by allocating appropriate effective green time, tg, to each 
phase. 
Assume the traffic stream Φj is given the right-of-way, the queue lengths at the traffic 
streams Φi are 
(1b)
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It should be noted that if , the minimum effective green time, 10s, will be 
given without evoking the HFLC. 
1<+ lostjj Tfq
From (3), the minimum effective green time to achieve  consists of two terms. 
While the first term represents the time required to discharge the accumulated queue prior 
to the commencement of t
0=′jq
g, the second term denotes the additional time to clear the 
vehicles arrived within tg.  
On the other hand, tg is also restricted by other traffic streams (i.e. Φi’s: i ≠ j) according 
to (1b). A large tg may ensure  but , i ≠ j will become excessive. Thus, apart from 
the two terms in (3), the traffic conditions in other streams are also necessary when 
determining t
0=′jq iq′
g. 
To reduce the complexity of the controller and more importantly the number of fuzzy 
rules, two levels of FLCs are adopted, handling the two terms in (3) respectively. The 
structure of this HFLC is shown in Fig. 3. The first level of the HFLC is a single-input 
single-output FLC with a pre-processor synthesizing q  as the input to the FLC. 
This level provides an estimation of time required to clear the queue accumulated just 
before t
lostjj Tf+
g.  
In order to consider the traffic conditions of other streams, a relative flow rate is used 
(i.e. ) in the second term instead of f∑
=
4
1
/
i
ij ff j, whereas  is the total flow-rate of the 
junction. The second level of the HFLC is a two-input single-output FLC that gives a time 
∑ if
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adjustment with respect to the proportion of traffic on stream j at the junction. The general 
idea is that if fj is relatively large compared with the total flow-rate of the junction, more tg 
will be given. 
 
4. Fuzzy Logic Control 
Fuzzy logic control systems can be regarded as rule-based expert systems, comprising of a 
set of if-then rules [8]. Basic concepts of fuzzy set theory and fuzzy logic control are 
described here, detail discussions can be found in [9,10]. 
A rule in an n-input 1-output fuzzy system has the form: 
Rule i: if ui is Ai1 and … and un is Ain, then u is ai, 
where Aij is the fuzzy set of the jth condition of the ith rule, and ai is a fuzzy singleton for 
simplicity. 
In order to calculate the firing strength of each rule, we assume that there are n 
conditions in the premise of each rule and their consequences are described only by crisp 
sets.  is the matching degree of input u)( iAi uµ i and the ith condition. Let the firing 
strength of the ith rule be ; i.e. iµ
    (4) [ )(),...,(),(min 2211 nAnAAi uuu µµµµ = ]
Subsequently, the firing rules are combined by a defuzzification strategy. The main 
concept of defuzzification is that the larger the firing strength of the rule is, the more it 
contributes to the resulting control action. The defuzzifying formula is written as: 
∑ ∑⋅= iii au µµ       (5) 
The membership functions of queue length are of trapezoidal shape and those of 
flow-rate and total flow-rate are triangular. For defuzzification, fuzzy singleton is assumed. 
Queue with 50 vehicles or more belongs to the same fuzzy set of “ultra-long” as it is very 
unusual to have queue longer than 50 vehicles in practice. If the flow-rate of one particular 
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traffic stream is very high, say beyond 2000 veh/hr, the junction will be over-saturated 
very quickly. Therefore, the flow-rate fuzzy set “ultra-long” represents traffic flow over 
2000veh/hr in each individual stream. The total flow-rate of the junction indicates the 
overall demand of the junction.  
All inputs to the HFLC can be one of the following fuzzy sets VS, S, M, L, VL and 
UL. There are 6 and 36 rules in levels 1 and 2 of the HFLC respectively. It is a significant 
reduction when compared with 216 rules for a 3-input, 1-output FLC. The graphical 
representations of the membership functions used in the HFLC are illustrated in the Figs. 
4a – 4e and the rules are summarized in Tables 1a and b. 
 
5. Results and Discussions 
The performance of the proposed HFLC has been compared with that of a fixed-time 
controller through simulation, under both constant and time-varying traffic conditions. The 
fixed-time controller is based on Webster’s optimal cycle-time calculation [1] 
F
Lc −
+=
1
55.1        (6) 
where c is the cycle length, F is the total flow-rate and L is the lost time per cycle.  
The lost time can be expressed by 
RnlL +=         (7) 
where n is the number of phase, l is the average lost time per phase excluding any all-red 
periods, R is the time during each cycle when all signals display red simultaneously. 
As the vehicles arrive at the junction randomly, the arrival patterns vary. Five 
simulation runs are thus carried out for each traffic condition and the average delay among 
the 5 runs is calculated and used to evaluate the performance of the controller. 
 
5.1 Constant Traffic Conditions 
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Under each constant traffic condition, the controller undergoes 10 hours of the traffic 
demand. The extensive simulation time is to test the stability of the controller over a long 
period of time. 
The HFLC is compared against a fixed-time controller with optimum cycle time. 
Both HFLC and fixed-time controller are tested under different combinations of flow-rates, 
from light (50% of maximum junction capacity) to heavy traffic (80% of maximum 
junction capacity). Four different cases under the same junction capacity are considered: 
one dominant traffic stream, two dominant traffic streams, one traffic stream with 
relatively low flow-rate, and all the traffic streams’ flow-rate are similar. Simulation 
results are listed in Table 2. 
The case with 1 single dominant traffic stream represents the traffic flow at the 
main road during morning or evening rush-hours. During the rush-hours, most people drive 
or take public transportation to workplaces in the city centre. As a result, the majority of 
vehicles travel towards the same direction and hence a single dominant traffic stream 
forms at the junction. When the traffic on two of these main roads cross or when a main 
road intersects with a smaller one, it will produce a junction with two dominant traffic 
streams (one goes straight and the other turns). A junction with a relatively low flow-rate 
traffic stream represents the case when there is a minor route going to suburban areas. The 
traffic connecting to those areas is light. The case for similar traffic stream flow-rate 
resembles a junction within city centre where every traffic stream is congested. 
When less than 40% of the junction capacity is required, the calculated effective 
green time of each phase is always less than 10s.  As a result, an effective green-time of 
10s is always given without invoking the HFLC so as to maintain a reasonable minimum 
green-time.  Therefore, the results with less than 40% junction capacity are not shown 
here. 
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From Table 2, when the traffic is light, there is no significant reduction on the 
average delay. It implies that the fixed-time control is quite close to optimum under light 
traffic conditions. When the junction capacity reaches 60-70%, reduction of average delay 
becomes obvious.  The HFLC performs best over these traffic conditions. However, when 
the junction capacity approaches saturation, the delay reduction drops because there is not 
much room for further delay reduction. 
Effect of different effective green-time for the fixed-time controller is reflected in 
the cases of A’ and B’. The average delay rises drastically if the fixed-time controller is 
not able to operate with respect to its optimum settings for whatever reason.   
 
5.2 Time-varying Traffic Conditions 
In order to demonstrate the capability on handling time-varying traffic demand, the 
controller is subject to a demand pattern similar to the traffic within one full day as given 
in figure 5. The pattern is divided into 4 sections, namely “night time (NT)”, “morning 
peak (MP)”, “day time (DT)” and “evening peak (EP)”. 
Night time (NT) 10:30 p.m. – 08:00 a.m. 
Morning peak (MP) 08:00 a.m. – 10:30 a.m. 
Day time (DT) 10:30 a.m. – 04:30 p.m. 
Evening peak (EP) 04:30 p.m. – 10:30 p.m. 
Similar to constant traffic condition tests, the controllers are subject to 4 different cases: 
(Case A) Single dominant traffic stream 
(Case B) 2 dominant traffic streams 
(Case C) 1 traffic stream with relatively low flow-rate 
(Case D) Flow-rates of all traffic streams are similar 
Under each case, five tests are performed and the mean of average delay per 
vehicle is recorded. Table 3 shows the average delays under different time zones. 
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As shown in Table 3, the HFLC reduces the overall average delay by a minimum of 
9%. The reduction is more significant when traffic is light, where more than 20% reduction 
is achieved. It has been shown that the HFLC performs well when traffic conditions are 
constant. As the time-varying condition is the prime concern in this section, Fig. 6 
illustrates the average delay against time in one of the simulation runs. The HFLC gives 
less overshoot and quicker recovery on average delay upon abrupt changes of traffic 
conditions 
It should be noted that under the non-peak time zones (NT and DT), average delay 
using the HFLC is smaller than that attained from the fixed-time controller. It is because 
the flow-rates for all traffic streams are quite static, similar to that under the constant 
traffic conditions.  
Under the peak periods (MP and EP), the HFLC reduces average delay from 5 to 
22%. However, there are occasions that the average delay attained from the HFLC is 
greater than that from the fixed-time control, especially when the flow-rates reaches its 
maximum. It implies that the HFLC does not always handle time-varying traffic conditions 
well. From the structure of the HFLC, the time-varying properties of the traffic and 
coordination among different traffic streams are embedded into the second level. The rule 
set of this level is derived mainly from trial-and-error process and hence it may not be 
optimal.  
In the second half of EP, average delay of both the fixed-time and HFLC drop 
significantly because of the decrease of the overall traffic demand but the HFLC still 
allows less average delay. The fixed-time controller, without any mechanism to adjust its 
green-time settings in response to the changing traffic conditions, is slow to react to the 
drop of traffic demand and hence leads to more delay than the HFLC does. Despite very 
similar daily flow-rate pattern, if there is a sudden change in the pattern, the fixed-time 
control will fail to produce suitable control action unless the signal plan is revised. The 
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HFLC, with the help of vehicle detectors, can adapt better to these changes without re-
building the rules. 
 
6. Conclusions 
A hierarchical fuzzy logic controller has been presented here. It enables traffic control at a 
road junction with the objective of minimising delay. Complexity of the controller is 
reduced as each level of the HFLC is allowed to keep a relatively small rule-set. 
Simulations results show that significant reduction on average delay over a commonly 
used fixed-time controller under various constant traffic conditions can be achieved. While 
the HFLC also enables certain delay reduction in general for time-varying traffic 
conditions, reduction is however not always guaranteed. In other words, fine-tuning on the 
rule-set is required.  As the rules should be able to adapt to the changing traffic conditions, 
this study induces further works on self-organising or self-learning fuzzy logic controller. 
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Captions of tables and figures: 
Table 1a & b: Fuzzy control rules for the 1st and 2nd level of HFLC. 
VS: Very Small 
S: Small 
M: Medium 
L: Large 
VL: Very Large 
UL: Ultra Large 
Table 2: Average delays (s/veh) under constant traffic conditions. 
Table 3: Average delays (s/veh) under time-varying traffic conditions. 
 
Fig. 1: 4 phases of traffic control cycle at a junction. 
 Subcaptions: Phase 1, Phase 2, Phase 3, Phase 4 
Fig. 2: Vehicle detection at the junction. 
 Subcaption: Vehicle detector 
Fig. 3: Block diagram of the HFLC. 
 Subcaptions: qj, Preprocessor, Level 1 FLC, tg, fj, Σfi, Level 2 FLC 
Fig. 4a-e: Membership functions of the input and output fuzzy sets of the HFLC. 
Fig. 5: Flow-rate profile of one-day traffic. 
 X-axis: Time, h 
 Y-axis: Total flow-rate, veh/s 
 Subcaptions: Night time, Morning peak, Day time, Evening peak, Nigh time 
Fig. 6: Average delays over one-day-traffic (5% turning traffic). 
 X-axis: Time, h 
 Y-axis: Delay, s/veh 
 Titles: Fixed-time control, HFLC 
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Tables and figures: 
 
Table 1a  Fuzzy Control Rules for the 1st level of HFLC. 
Queue VS S M L VL UL 
Time VS S M L VL UL 
 
Table 1b  Fuzzy Control Rules for the 2nd level of HFLC 
 Total flow 
 VS S M L VL UL 
VS NS NS NM NM NL NL 
S NE NE NS NS NS NM 
M NS NS NS NS NS NS 
L NE NE NE NE NS NS 
VL PS PS PS PM PM PL 
Fl
ow
 
UL PS PS PS PM PL PL 
VS: Very Small 
S: small 
M: Medium 
L: Large 
VL: Very Large 
UL: Ultra Large 
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Table 2  
Average Delay under Constant Traffic Conditions 
 
Junction capacity Case * Fixed time controller 
(sec/veh) 
HFLC  
(sec/veh) 
Reduction 
(%) 
40% A 33.2428 32.1723 3.2202 
 B 33.9922 33.9564 0.1053 
 C 33.2394 33.2229 0.0496 
 D 33.5637 33.2492 0.9558 
50% A 36.5247 36.3425 0.4988 
 B 38.0612 35.7000 6.2037 
 C 39.1067 38.4383 1.7092 
 D 42.6127 41.2561 3.1836 
60% A 50.6566 49.3203 2.638 
 B 48.0681 43.2539 10.0154 
 C 48.2599 44.3631 8.0746 
 D 48.7297 47.8048 1.8980 
70% A 59.8571 59.1175 1.2356 
 A’ 79.8856 59.1175 25.9973 
 B 59.3651 53.3305 10.1652 
 B’ 72.3217 53.3305 26.2593 
 C 63.5353 59.1192 6.9506 
 D 66.0414 59.2484 10.2860 
80% A 99.2988 95.9826 3.3396 
 B 97.3981 92.9547 4.5621 
 C 96.3131 90.9435 5.5752 
 D 112.7153 106.8087 5.2403 
* Case A: Junction with single dominant traffic stream. 
 Case A’: Junction with single dominant traffic stream (3 less seconds of effective green-time is 
given to the non-dominate traffic streams) 
 Case B: 2 dominant traffic streams. 
 Case B’: 2 dominant traffic stream (3 less seconds of effective green-time is given to the non-
dominate traffic streams) 
 Case C: 1 relatively low flow-rate traffic stream. 
 Case D: Flow-rates of all traffic streams are similar. 
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Table 3 
Average Delays (s/veh) under Different Time Zones. 
Case Time zone Fixed-time controller 
(sec/veh) 
HFLC 
(sec/veh) 
Reduction 
(%) 
A NT 36.5032 28.8730 20.9 
 MP 95.8950 74.0067 22.83 
 DT 60.2427 56.7650 5.77 
 EP 96.6423 72.4106 25.07 
 Overall 77.0096 62.1220 19.33 
B NT 38.3513 26.1293 31.87 
 MP 95.9881 87.1162 9.24 
 DT 72.3505 64.1591 11.32 
 EP 91.1812 75.7660 16.91 
 Overall 79.7935 68.6505 13.96 
C NT 43.1101 25.8034 40.15 
 MP 102.395 97.0965 5.17 
 DT 69.6700 68.0841 2.28 
 EP 98.7502 84.7532 14.17 
 Overall 83.1499 74.8986 9.92 
D NT 37.0213 26.1162 29.46 
 MP 92.1696 81.4981 11.58 
 DT 69.0380 60.7693 11.98 
 EP 89.4060 73.9385 17.3 
 Overall 78.6786 64.4514 18.08 
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Phase 1 Phase 2
Phase 3 Phase 4
 
Fig. 1. 4 phases of traffic control cycle at a junction. 
 
Vehicle
detector
 
Fig. 2. Vehicle detection at the junction. 
 
Pre-
processor
Level 1
FLC
Level 2
FLC
+ tgqj
fj
Σ fi   
Fig. 3. Block diagram of the HFLC. 
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Fig. 4a.  Queue 
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Fig. 4b  Flow-rate 
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Fig. 4c  Total flow-rate 
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Fig. 4d: Output of the 1st level of HFLC 
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Fig. 4e: Output of the 2nd level of HFLC 
 
Fig. 4a-e: Membership functions of the input and output fuzzy sets of the HFLC. 
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Fig. 5: Flow-rate profile of one-day traffic. 
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Fig. 6: Average delays over one-day-traffic (5% turning traffic). 
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